INTRODUCTION
============

Cardiovascular diseases represent the most common cause of global mortality (31%), affecting both developed and developing countries, claiming the lives of an estimated 17.5 million people in 2012 ([@R1]--[@R3]). Among the predictors for cardiovascular morbidity and mortality, cardiovascular calcification is an independent risk factor. Many pathologies, such as atherosclerosis, diabetes mellitus, and chronic kidney disease, are often associated with cardiovascular calcification ([@R4], [@R5]), which can occur in blood vessels, the myocardium, and cardiac valves. In blood vessels, calcification typically occurs in intimal atherosclerotic plaques and in the tunica media ([@R4], [@R6]--[@R8]).

In the past two decades, research has highlighted the active inflammatory and/or osteogenic signaling processes that contribute to pathological cardiovascular calcification, shifting the paradigm away from that of a passive accumulation of minerals ([@R9], [@R10]). However, very little is known about the mechanism of nonpathological mineral accumulation in the aortic media with age ([@R11]--[@R13]). In 2013, Bertazzo *et al*. ([@R14]) reported that spherical particles of highly crystalline hydroxyapatite were detected as a very early form of calcification in cardiovascular tissues. In vitro studies have also identified hydroxyapatite as the mineral phase in vascular calcification, with amorphous calcium phosphate precursors ([@R15], [@R16]). These findings emphasized the need to delineate molecular complexity given that there could be multiple mechanisms at play at any one time. In general, two types of mineral, apatite and whitlockite, predominate in studies of cardiovascular tissue. Nonstoichiometric, carbonated apatite is the form of calcium phosphate most commonly found in the human body, whereas whitlockite has been reported to be a magnesium-substituted calcium phosphate (Ca,Mg)~3~(PO~4~)~2~ ([@R11], [@R17]).

Atherosclerosis presents itself in the intima of arteries via the accumulation of focal intimal plaques, consisting mainly of lipoproteins, oxidized lipoproteins, cellular debris, inflammatory cells, and, finally, deposits of apatite ([@R18]). Macrophages have been inferred to mediate the calcification process linked with this pathology ([@R19]), which changes the mechanical properties of the plaque and leads to an increased risk of microfractures that can cause plaque rupture ([@R20]--[@R23]). Whereas atherosclerotic plaques can restrict blood flow, clots formed by the release of rupture debris can lead to stroke or myocardial infarction by traveling further along the vascular system, causing the blockage in narrower arteries ([@R24]).

In contrast, medial artery calcification in the tunica media of large arteries is typically composed of both apatite and whitlockite crystals ([@R11]). A number of studies have associated medial minerals with elastin fibers, whereas plaque calcification is embedded within lipid deposits ([@R25]--[@R27]). The presence of calcification in the media has been linked with increased stiffness in severely affected arteries and associated with isolated systolic hypertension ([@R28]). Although most in vitro and in vivo studies to date have focused on the later stages of medial calcification, the earliest signs of disease are yet to be identified.

Medial calcification has been reported to increase with both age ([@R11], [@R13]) and diseases such as diabetes mellitus and chronic kidney disease ([@R29]). Diabetes has been reported to not only increase medial calcification ([@R6], [@R29]) but also accelerate atherosclerosis ([@R30], [@R31]). Thus far, studies of atherosclerosis have used tools that are limited in spatial resolution, preventing the observation of early stages of media calcification. This also raises the question of what happens when medial calcification is increased, and whether the mineral species in the aortic media are similar to those in atherosclerotic plaques and accompanied by concomitant increases in plaque-associated lipids in the aortic media.

Traditional analytical methods used to visualize atherosclerosis, such as histology and immunohistochemistry, are labor-intensive and inherently semiquantitative. Electron microscopy (EM) has also been applied to study atherosclerotic calcification ([@R32]). Although EM provides highly spatially resolved images and can be combined with energy-dispersive x-ray spectroscopy (EDS) and selected-area electron diffraction to provide elemental and crystal structure information, EM and EDS together do not provide complementary molecular information on the surrounding organic tissue or quantitative information of the mineral phase.

Raman spectroscopy is an inelastic light scattering technique that provides the biomolecular information of extra- and intracellular constituents (for example, minerals, lipids, proteins, etc.) with submicrometer resolution. It has been used to show the distribution of different proteins, lipids, and mineral species in a number of tissues ([@R33], [@R34]). Multivariate analysis and spectral unmixing methods can be used to resolve the information collected and aid in the unbiased analysis of the large data sets from these experiments ([@R35]).

Raman spectroscopy has previously been used in the en face characterization of the atherosclerotic plaque ([@R36]--[@R46]). Latterman *et al*. ([@R47]) imaged the cross section of atherosclerotic plaques from rabbits with high-cholesterol diet--induced disease using Raman and Fourier transform infrared spectroscopy and provided a detailed characterization of the lipidic components in the tissues. Other groups have developed fiber-optic techniques using miniaturized Raman probes to aid in the diagnosis of atherosclerosis in vivo ([@R36], [@R45]).

It is clear that Raman spectroscopy has the potential to further our understanding of cardiovascular calcification. There is an important need to thoroughly characterize and compare the spatial distribution of biochemical components throughout the depth of healthy and diseased aortic tissues.

Here, we use Raman spectroscopy imaging to examine the composition and spatial distribution of mineral and organic content in human aortic tissue cross sections. We compared atherosclerotic tissues to age-matched healthy tissues. We also evaluated the difference between the young and old age groups (below and above the age of 50, respectively). By developing a comprehensive multivariate model based on spectral unmixing, we quantified the relative biochemical distributions across the depth of aortic tissues.

We hypothesized that the accumulation of minerals in age-related medial calcification and atherosclerosis is the result of different fundamental mechanisms as manifested by mineral species. The results of this study present a new and comprehensive characterization of the human aorta in healthy versus diseased tissues and young versus old age.

RESULTS
=======

Raman spectroscopy imaging reveals a biochemical distribution in the aorta
--------------------------------------------------------------------------

Raman spectroscopy imaging of the entire aortic cross section was performed on a total of 41 tissues from 31 donors. This included atherosclerotic samples in areas including a plaque (Ath~p~) (*n* = 10 donors), atherosclerotic samples adjacent to plaque areas (Ath~np~) (*n* = 12 donors), nonatherosclerotic samples from donors older than 50 years of age (NAth~\>50~) (*n* = 9 donors), and nonatherosclerotic samples from donors younger than 50 years of age (NAth~\<50~) (*n* = 10 donors) (see [Table 1](#T1){ref-type="table"} for details of the samples). In [Fig. 1](#F1){ref-type="fig"}, we present the Raman spectroscopic image of a nonatherosclerotic aorta cross section from the intima to the adventitia, in which we identified representative spectra rich in specific components of the aortic tissue, including elastin, collagen, lipid (cholesterol), β-carotene, apatite, and whitlockite ([Fig. 1A](#F1){ref-type="fig"}).

###### Experimental groups and donor information.

  **Experimental groups**                 **Abbreviation**   **Donors**   **Tissue samples**   **Age range**   **Average age**   **Male/female ratio**
  --------------------------------------- ------------------ ------------ -------------------- --------------- ----------------- -----------------------
  Nonatherosclerotic, \<50 years          NAth~\<50~         10           13                   14--39          27                0.67
  Nonatherosclerotic, \>50 years          NAth~\>50~         9            12                   54--65          58                1.25
  Atherosclerotic nonplaque, \>50 years   Ath~np~            12           15                   57--64          57                0.50
  Atherosclerotic plaque, \>50 years      Ath~p~             10           13                   57--65          57                0.43

![Univariate Raman spectroscopy images of the cross section of a representative nonatherosclerotic aorta (65 years old).\
(**A**) Representative spectra rich in specific aortic components. (**B**) Univariate heat maps of the entire cross section of a nonatherosclerotic aorta were plotted according to the signature peaks listed. (**C** and **D**) High-resolution maps at the intima-media interface (C) and within the media (D) were also plotted. Merge refers to a composite image of all the univariate heat maps. Scale bars, 100 μm (B) and 50 μm (C and D).](1701156-F1){#F1}

Characteristic marker bands in the Raman spectra for proteins were observed at 1003, 1031, 1258, 1450, and 1665 cm^−1^, which correspond to phenylalanine, amide III, CH~2~ and CH~3~ deformations, and amide I, respectively ([@R48]). Besides markers for protein in general, elastin demonstrates distinctive bands of its unique amino acids desmosine and isodesmosine, which were observed at 527 and 1105 cm^−1^, respectively ([@R48]). Characteristic collagen proline and hydroxyproline bands were also observed at 855 and 877 cm^−1^, respectively ([@R49]).

The cholesterol and cholesterol ester lipids were identified successfully using a specific peak at 701 cm^−1^ that arises from the steroid ring vibration of both types of biomolecules ([@R48]). The CH~2~ and CH~3~ deformations of lipids at 1440 cm^−1^ were also identifiable and were slightly offset from those of proteins. β-Carotene, which shows an inherently strong Raman scattering, was easily identified with its strong Raman bands at 1157 and 1526 cm^−1^ ([@R36]).

Two mineral species, apatite and whitlockite, were identified in the aortic cross section and were detected via their known phosphate bands. These phosphate ν~1~ stretching bands appeared at 960 cm^−1^ for apatite and 970 cm^−1^ for whitlockite. The position of whitlockite phosphate ν~1~ has been reported on biological, geological, and synthetic whitlockite ([@R50]--[@R52]).

These characteristic bands were used to image the distribution of elastin, collagen, lipid, β-carotene, apatite, and whitlockite ([Fig. 1B](#F1){ref-type="fig"}). These cross-sectional images provide an appreciation for the overall structure of the aorta based on biochemical landmarks. We also collected high-resolution Raman spectroscopy images (spatial resolution of 0.8 μm) to visualize the spatial distribution of the various components in greater detail ([Fig. 1](#F1){ref-type="fig"}, C and D). These images depicted the elongated strands of elastin fibers with interspersed mineral (predominantly whitlockite) and collagen in the media. These maps also demonstrated the different distribution patterns of whitlockite and apatite through the cross section of the aorta.

Relative whitlockite levels in the aortic media increase with age, whereas apatite levels are increased in atherosclerosis
--------------------------------------------------------------------------------------------------------------------------

Two mineral types, whitlockite and apatite, were observed in all aortic samples tested. To evaluate their relative distribution, we plotted the average ratios of whitlockite to total mineral (apatite + whitlockite) in the intima/plaque and media regions ([Fig. 2](#F2){ref-type="fig"}). When comparing levels between the intima and the media, whitlockite was predominantly present in the aortic media (*P* \< 0.01), whereas apatite is mainly present in the aortic intima/plaque (*P* \< 0.05), especially for the NAth~\<50~ and Ath~p~ groups (fig. S1). [Figure 2](#F2){ref-type="fig"} highlights a decrease in whitlockite ratio for the Ath~p~ group in the media compared to both the Ath~np~ and the NAth~\>50~ groups (*P* \< 0.01). Intriguingly, the NAth~\>50~ and Ath~np~ groups showed significantly higher whitlockite ratios in the media compared to the NAth~\<50~ group (*P* \< 0.01) and no difference in the intima ([Fig. 2](#F2){ref-type="fig"}). These results indicate that there is a significant increase of whitlockite relative to apatite in the aortic media with age, which is reversed by the presence of atherosclerotic plaque in the directly underlying media.

![Ratio of whitlockite to total mineral (apatite + whitlockite) from univariate quantification of the phosphate ν~1~ peak.\
Average ratios of whitlockite over total mineral within the intima and media. Statistical significance was defined using generalized linear model (GLM) regression followed by analysis of variance (ANOVA); error bars denote 95% confidence intervals. \*\**P* \< 0.01, *n* ≥ 9 donors per group.](1701156-F2){#F2}

Spectral unmixing reveals nine different major biochemical components
---------------------------------------------------------------------

To separate the Raman spectra of specific biochemical components that contain overlapping peaks and thereby reliably characterize their distributions, we next performed pure spectral unmixing of the data using vertex component analysis (VCA) ([Fig. 3](#F3){ref-type="fig"}, A and B, and fig. S2). We successfully extracted nine main components as endmembers: collagen, elastin, actin, cholesterol ester, cholesterol, triglycerides, β-carotene, whitlockite-rich, and apatite-rich ([Fig. 3A](#F3){ref-type="fig"}). Where pure chemicals were available, endmember spectra were validated by comparing to laboratory-grade commercial biochemical powders (fig. S3). The *R*^2^ values showed good correlations for β-carotene (*R*^2^ = 0.74), cholesterol (*R*^2^ = 0.72), cholesterol ester (*R*^2^ = 0.94), triglyceride (*R*^2^ = 0.86), elastin (*R*^2^ = 0.98), collagen (*R*^2^ = 0.90), and actin (*R*^2^ = 0.94). The pure hydroxyapatite spectrum shown in fig. S3 had a low *R*^2^ value (*R*^2^ = 0.11) against the apatite-rich VCA endmember spectrum in [Fig. 3](#F3){ref-type="fig"}. This is because the endmember spectrum contained some signal from organic components and is not pure apatite. Nevertheless, the apatite endmember spectrum showed a distinct peak at 960 cm^−1^ that is a clear indication of hydroxyapatite. Synthetic whitlockite is not commercially available for comparison. However, in studies of dentin and in geological, synthetic, and biological samples, the phosphate ν~1~ peak at 970 cm^−1^ has been reported as whitlockite ([@R51], [@R52]).

![VCA on Raman spectroscopy images and relevant histology images.\
(**A**) VCA endmember spectra for nine major components of aortic tissues were found. (**B**) Representative VCA images, associated histology, and immunofluorescence \[red, CD68; green, α--smooth muscle actin (α-SMA); blue, 4′,6-diamidino-2-phenylindole (DAPI)\] of aortic tissues from a nonatherosclerotic 65-year-old donor and an atherosclerotic 64-year-old donor (tissue sample taken from the plaque region). Arrows indicate CD68-positive areas. Scale bars, 100 μm. IF, immunofluorescence.](1701156-F3){#F3}

To generate representative images for each experimental group, we next calculated the relative concentrations of biochemicals relating to each endmember for each spectrum using nonnegative least-squares regression ([Fig. 3B](#F3){ref-type="fig"}). The major extracellular matrix components of the media (elastin) and the adventitia (collagen) were observed in their proper spatial arrangements and confirmed with Verhoeff trichrome and picrosirius red histology stainings. Actin-rich cell spectra were also distinguishable across the tissues and concentrated in the media. This observation was corroborated by Verhoeff trichrome staining, DAPI, and α-SMA immunofluorescence. Cholesterol ester was observed in the intima of all experimental groups, whereas triglyceride and cholesterol lipid droplets of around 10 μm in diameter were only observed in the intima/plaque areas of atherosclerotic tissues. High amounts of triglyceride were only occasionally observed in certain areas of the aortic adventitia. Nile red images corroborated the high lipidic content of the plaque and the comparatively low lipidic content in the aortic cross section of nonatherosclerotic samples. Macrophage marker CD68 highlighted the presence of macrophages in the atherosclerotic plaque and sporadically in the aortic media of donors above 50 years of age ([Fig. 3B](#F3){ref-type="fig"}). Low amounts of β-carotene were observed in the intima. Because of its sparse distribution, β-carotene could not be visualized clearly in whole cross-sectional images. Apatite and whitlockite were found in all experimental groups above 50 years of age. Whitlockite was localized primarily in the media, whereas apatite was observed in both the media and the atherosclerotic plaque. Alizarin red S histology images were in agreement with the Raman results on mineral content. Together, these results showed that Raman spectroscopy and spectral unmixing could be used to achieve an unprecedented biomolecular characterization of healthy and diseased aortic tissues.

Apatite, cholesterol, cholesterol ester, and triglyceride levels concurrently increase in atherosclerosis
---------------------------------------------------------------------------------------------------------

Next, we plotted the depth distribution profiles for the relative quantity of each endmember component, ranging from the intima to the media-adventitia interface ([Fig. 4A](#F4){ref-type="fig"} and fig. S4A). To obtain zone-specific information in the intima (or plaque for the atherosclerotic plaque experimental group) and media, we chose the border between cholesterol ester and elastin to separate each Raman image ([Fig. 4B](#F4){ref-type="fig"} and fig. S4B). In the NAth~\>50~ and Ath~np~ groups, apatite and whitlockite depth profiles were very similar. We found significantly increased apatite (*P* \< 0.01) in the atherosclerotic plaque compared to the intima for all other experimental groups. In the aortic media, the relative concentration of whitlockite was significantly increased in the Ath~p~ group compared to both nonatherosclerotic experimental groups (*P* \< 0.05). These results indicated that in atherosclerosis, mineral changes occur mainly in the underlying tissue area, whereby apatite content increases in the plaque and whitlockite content increases in the aortic media.

![Depth-dependent profiles of the major components in aortic intima and media based on VCA results, normalized to the maximum for each component.\
(**A**) The relative concentration (Rel.) was summed along the normalized depth of the aorta from the surface of the intima; 0, assigned to the media-adventitia interface; 1, plotted with ±1 SD. (**B**) Averages of the relative concentrations within the intima and media, normalized to area of the Raman images; error bars denote 95% confidence intervals. Statistical significance was defined using GLM regression followed by ANOVA. CE, cholesterol ester. \**P* \< 0.05, ^\*\*^*P* \< 0.01, *n* ≥ 9 donors per group. a.u., arbitrary units.](1701156-F4){#F4}

In atherosclerotic plaques, the increase of apatite, cholesterol, and triglyceride levels is at least five times higher in the Ath~p~ group compared to the intima of all other groups (*P* \< 0.01) ([Fig. 4](#F4){ref-type="fig"}). However, cholesterol ester was only increased slightly in the plaque of the Ath~p~ group compared to the intima of the Ath~np~ group. No significant difference was observed in these lipidic compounds between the NAth~\<50~ and NAth~\>50~ groups. Our results indicate that relative cholesterol ester, cholesterol, and triglyceride contents were only locally increased in the atherosclerotic plaque. Cholesterol ester has a different depth profile as compared to the more similar apatite, cholesterol, and triglyceride, indicating that it is also normally present in healthy aortic intima ([Fig. 4](#F4){ref-type="fig"}).

β-Carotene levels are decreased throughout the entire atherosclerotic intima
----------------------------------------------------------------------------

We observed β-carotene to be preferentially located in the intima of all samples examined (fig. S4). In both atherosclerotic experimental groups, only low amounts of β-carotene were observed in the intima compared to the NAth~\<50~ group (*P* \< 0.05). Between the nonatherosclerotic samples, the β-carotene levels of the NAth~\<50~ group were similar to those of the older NAth~\>50~ group. In the media, no significant difference was observed. These results suggest that atherosclerosis correlates with an overall reduction in β-carotene levels in the aortic intima.

Other differences in organic content
------------------------------------

Significant changes in protein components between the groups were also found. Ath~np~ group showed higher relative elastin (*P* \< 0.05) and actin (*P* \< 0.01) levels compared to the Ath~p~ group in the plaque/intima region (fig. S4). Relative collagen levels indicated a reduction of collagen with age in the intima. These results suggested that the relative collagen levels were not affected by atherosclerosis, whereas relative concentrations of actin-rich cells and elastin decreased in the atherosclerotic plaque. Comparisons of nonplaque and plaque regions confirm the significant differences for each component within the same donor (fig. S5).

DISCUSSION
==========

Delineation of apatite and whitlockite cross-sectional distribution
-------------------------------------------------------------------

The aim of our study was to identify the changes occurring in aortic tissues during atherosclerosis and aging by evaluating tissues classified as atherosclerotic or nonatherosclerotic from age-matched individuals and from younger individuals. Our results highlighted important differences in the accumulation of two mineral phases, apatite and whitlockite, and in the distribution of the major matrix components, β-carotene, and lipidic compounds between these different groups.

Medial calcification is locally increased in atherosclerosis
------------------------------------------------------------

Apatite and whitlockite are the two mineral phases that have been associated with aortic tissue ([@R11], [@R17]). Apatite is generally associated with atherosclerotic plaques and arteriosclerosis in the tunica media, resulting in hardening of the aorta ([@R6], [@R53]). In addition, whitlockite (and apatite) nano- and microscale particles have been observed in healthy human aortic tissue with increasing age-related concentration ([@R11], [@R13]). It is common to observe high amounts of medial calcification in aged individuals but in the absence of other diseases, as shown in previous literatures ([@R11]--[@R13]). The cause of this calcification is still unknown. Our findings revealed a more intricate landscape with both apatite and whitlockite spectra present in the intima and the tunica media, albeit at varying concentrations.

Age-related nonatherosclerotic medial calcification consists of whitlockite and apatite. However, the aortic media directly underlying an atherosclerotic plaque has a ratio of apatite to whitlockite similar to that of the aortic intima and plaque, with apatite being the predominating mineral species.

Our results indicate that in the event of atherosclerosis, a local change in the tissue environment is elicited that promotes the disproportionate accumulation of apatite within the atherosclerotic plaque and the directly underlying media. This local phenomenon does not change the whitlockite-to-apatite ratios in the rest of the tissue, although it affects the aortic media directly underlying the plaque in a more complex way, increasing whitlockite and apatite levels.

This increase in medial calcification in the atherosclerotic plaque experimental group suggested that there is a complex relationship between atherosclerosis and medial calcification, although the precise nature of this relationship remains unresolved. Considering the increase in apatite relative to whitlockite in the aortic media directly underlying plaque regions, this indicates that atherosclerosis aggravates medial calcification by whitlockite accumulation (similar to aging) and offsetting the ratio between apatite and whitlockite (similar to the plaque region). Medial invasion of the atheroma has been reported in a previous literature; however, this does not address the increase in whitlockite levels ([@R54]). Furthermore, diseases such as diabetes mellitus have been associated with medial calcification and the aggravation of atherosclerosis ([@R29], [@R55]--[@R58]). The evaluation of aortic samples from diabetic patients may provide insight into the mechanism by which this relationship develops.

Cholesterol and triglyceride show similar cross-sectional distribution to apatite
---------------------------------------------------------------------------------

As predicted, we observed a much higher relative lipid content spread over a larger area in the atherosclerotic plaque group compared to all other groups. Specifically, we found increases in both cholesterol and cholesterol ester in the plaque region compared to the intima of all other groups, which is in agreement with previous gas chromatography--mass spectrometry studies comparing cholesterol to the fatty acid content of the plaque/intima ([@R59], [@R60]). Increases in intracellular cholesterol and cholesterol ester in the aortic media directly underlying a plaque have also been previously reported ([@R61]).

Another component of the aorta observed in this study is triglycerides. Hypertriglyceridemia is a prevalent risk factor for atherosclerosis ([@R62]). Although triglycerides are usually found in the adventitia ([@R63]), our study revealed that very low levels of triglycerides are present in the intima and media of all experimental groups (fig. S4). We also identified a significant increase in relative levels of triglycerides in the plaque of the atherosclerotic plaque group compared to nonatherosclerotic groups. This observation is in disagreement with a previous scanning densitometry study that showed no difference in triglyceride levels with tissue digestion ([@R61]). This discrepancy may be due to an inaccuracy of the lipid identification method or the extensive multistep digestion process.

Macrophage immunofluorescence also increased in atherosclerotic plaques and in the aortic media of atherosclerotic and nonatherosclerotic tissues with age. Macrophage presence in the plaque and adventitia of atherosclerotic tissues has been reported in previous literatures ([@R64]--[@R67]). In the nonatherosclerotic aortic wall of donors above 65 years of age, macrophages have been reported to be sporadically present even in the absence of lipids ([@R68]). This concurrent increase and similar depth profile of macrophage, apatite, triglyceride, and cholesterol in atherosclerotic plaques and the increase in apatite in the directly underlying media suggest a local and complex interplay of mechanisms that could involve macrophages. However, further studies are needed to confirm the relationship.

Intimal reduction of β-carotene in atherosclerosis
--------------------------------------------------

Here, we found that the intima/plaque areas of both atherosclerotic experimental groups presented significantly lower relative content of β-carotene compared to the nonatherosclerotic group below 50 years of age. Carotenoids, which are strong Raman scatterers, are antioxidants with potentially protective effects against atherosclerotic plaques ([@R69]--[@R71]). Therefore, it is interesting to consider that the levels of β-carotene, an antioxidant, are decreased not only in atherosclerotic plaques but also in the intima away from the lesion compared to healthy tissue. Although β-carotene bioavailability in humans is mainly through diet, it remains unclear whether dietary differences or changes in the tissue that affect accumulation are responsible for this finding. Studies of β-carotene supplementation and those of the relationship between β-carotene serum levels and atherosclerosis have thus far been proven contradictory or inconclusive ([@R72]).

Mechanistic implications
------------------------

Changes in the biochemical contents of atherosclerotic aortic tissues compared to aortic media were found to be both global and localized to the atherosclerotic plaque. A localized increase in mineral in the aortic media suggests that atherosclerotic lesions are not only confined to the plaque itself but also extend into the aortic media. Thus, we affirm that atherosclerosis is an aggravator of the aortic medial calcification. The difference in the mineral population in medial calcification in conjunction with atherosclerosis suggests a distinct mechanism compared to medial calcification in aging.

Limitations
-----------

The relative quantification of nine major components of human aortic tissues using Raman spectroscopy combined with the VCA analysis provided important insights into the makeup of healthy versus diseased aortic tissues and the impact of aging. It is important to highlight the limitations associated with this approach to aid in the interpretation of results. Because it was not possible to include all biochemicals present in the aorta in the least-squares regression, there is a certain degree of lack of fit. This was exacerbated by the coexistence of diverse components that included minerals, proteins, and lipids. Further, the different abilities of compounds to scatter light may be misleading if not taken into account. For example, β-carotene and minerals are strong Raman scatterers. Thus, the quantities of these compounds should not be compared relative to each other.

Despite these limitations, we have unearthed significant new insights into the characterization of aortic tissue through the use of Raman spectroscopy. The major extracellular matrix macromolecules of the aorta, elastin, and collagen are identified, in addition to the two mineral phases, different lipid types, actin (a major cytoskeletal molecule of contractile smooth muscle cells), and β-carotene. Together, the results of this study open new avenues that could lead to an improved understanding of cardiovascular biology and pathology and potentially contribute to the development of novel therapeutic approaches for the treatment of cardiovascular disease.

CONCLUSIONS
===========

Here, we showed for the first time that Raman spectroscopy can be used to quantify the spatial distribution of not only specific proteins and lipids but also the specific mineral species across aortic tissue cross sections. We delineated differences in aortic tissue composition due to atherosclerosis and aging and found indications of increased medial calcification in atherosclerosis. Our results indicate that this exacerbation of calcification may be via a distinct mechanism at play than that during normal aging. The observed changes in atherosclerotic tissues compared to nonatherosclerotic tissues contribute to the knowledge of the field of cardiovascular calcification.

MATERIALS AND METHODS
=====================

Experimental design
-------------------

This study quantitatively characterized full cross sections of atherosclerotic and healthy human aortic tissues using Raman spectroscopy imaging and multivariate analysis. Raman spectroscopy imaging of human aortic tissues (from atherosclerotic donors above 50 years of age) was performed on sites at and away from atherosclerotic plaque regions. Human aortic tissues from nonatherosclerotic donors above and below 50 years or age were also characterized using Raman spectroscopy imaging. The images were then further processed and analyzed by VCA.

Aorta sample preparation
------------------------

Human thoracic aorta tissue specimens (*n* = 41) were obtained from tissue donors (*n* = 31) that had been rejected for use as homografts because of the presence of atheroma (Ath~np~ and Ath~p~) or were microinfected (NAth~\<50~ and NAth~\>50~). The samples were supplied by the Oxford Heart Valve Bank at John Radcliffe Hospital, Oxford. Tissue samples were kept at −80°C. Ethical approval for this work has been obtained from the Health Research Authority--National Research Ethics Service (NRES) Committee London-Stanmore (reference \#10/H0724/18) for use of human valve and cardiac tissue from heart valve donors and patients undergoing valve replacement surgery. These tissues include portions of the thoracic aorta.

One to two samples from each frozen specimen were excised. Samples spanned the entire cross section and had an area of approximately 10 mm × 10 mm. The samples were thawed and fixed in 4% (w/v) formaldehyde (≥36.0%, BioReagent; Sigma-Aldrich) in a phosphate-buffered saline solution (PBS; Gibco) overnight at 4°C. Next, the samples were cut across the cross section in a cryostat (Bright Instruments Co.) at −20°C to achieve a smooth surface for Raman spectroscopy imaging.

Pure reference biochemicals
---------------------------

A reference library of biochemicals was measured for comparison with the Raman spectral signatures obtained from the tissues. All reference Raman spectra were measured using a WITec alpha300 R+ confocal Raman microscope system with a 785-nm laser. A Zeiss EC Epiplan 50×/0.75 HD objective was used. Commercially available powders (Sigma-Aldrich) were used as pure reference. The powders measured were as follows: collagen from chicken sternal cartilage, elastin from bovine neck ligament, actin from bovine muscle, β-carotene, cholesterol, cholesteryl linoleate, and synthetic hydroxyapatite. Pure triglyceride mix in liquid form (Sigma-Aldrich) was also measured. To achieve a high signal-to-noise ratio, all spectra were acquired with an integration time of 15 s.

Raman spectroscopic imaging
---------------------------

All spectra from the aorta samples were measured while immersed in PBS. The WITec alpha300 R+ confocal Raman microscope system with a 785-nm laser was used to collect the spectra. The high confocality of this system ensured that highly resolved biochemical components could be resolved following spectral unmixing. The spectral resolution of the spectrometer was 9 cm^−1^. Raman images of 200 μm × 200 μm with a step size of 0.8 μm × 0.8 μm were acquired with a Zeiss W Plan-Apochromat 63×/1.0 objective, with 1-s integration time, under a laser power of 100 mW at objective. Sample degradation was not observed using this laser power. Full cross-sectional images with a step size of 3 μm × 3 μm were acquired with a Zeiss W N-Achroplan 10×/0.3 objective, with 1-s integration time. The Raman spectra were corrected for the instrument response of the system using a traceable Raman standard (STM-2245, National Institute of Standards and Technology).

Univariate analysis and quantification
--------------------------------------

The raw Raman spectra were baseline-corrected with a third-order polynomial curve using the Project FOUR software (version 4.0, WITec) and normalized to the area under the curve on Matlab. Univariate intensity heat maps were plotted on the Project FOUR software using a sum filter with background subtraction. Cosmic rays were found by calculating the second derivative of each spectrum. The brightness and contrast of the images have been adjusted to improve visual clarity.

Univariate area quantification (ratios) of mineral phases in the tissue was calculated by counting the number of spectra containing the mineral peak at 960 cm^−1^ for apatite and 970 cm^−1^ for whitlockite. The ratio was calculated by taking the sums of apatite-containing spectra over the sums of all mineral-containing spectra.

Multivariate analysis and quantification
----------------------------------------

Multivariate analysis of the Raman spectroscopic data was performed on a Linux Ubuntu v15.04 multicore server (12 core, i7 3.3-GHz processors, and 64-gigabyte memory) on Matlab version R2015a (MathWorks), unless stated otherwise. The raw Raman spectra were baseline-corrected with a third-order polynomial curve using the Project FOUR software (version 4.0, WITec) and then normalized to the area under the curve on Matlab, which reduced signal intensity variability and enabled comparisons between different images.

The unmixing algorithm VCA was then applied to the Raman imaging data set using techniques previously described ([@R73]). Spectral unmixing was used to reduce the dimensionality of the data into nine pure components called endmembers. Each of these endmembers represented pixels with a very high concentration of one specific biochemical component. The number of endmembers was chosen on the basis of supervised analysis and correlation with the pure biochemical reference database. Nonnegative least-squares curve fitting was then performed on each spectrum in the data set against the VCA endmembers. This yielded the relative contributions of each endmember for each spectrum. The nonnegative least-squares regression was computed for each spectrum relative to the selected VCA endmembers to generate Raman signal contribution values of each component represented by each endmember. To ensure that the endmember provided meaningful biochemical information, we calculated the *R*^2^ with the respective laboratory-grade reference biochemical measured. All depth profile graphs were depth-normalized for each map, with 0 assigned as the edge between the aortic wall and the lumen and 1 assigned as the border between the media and the adventitia of the aorta, which was denoted by a high collagen content ([@R74], [@R75]).

Cryosection
-----------

Following Raman spectroscopy imaging, the representative aorta samples were embedded in Tissue-Tek O.C.T. (optimum cutting temperature) compound (Sakura Finetek) and frozen in liquid nitrogen--cooled isopentane. Tissue sections were cut to 10 μm with a cryostat (Bright Instruments Co.) set at −20°C. The sections were air-dried at room temperature overnight and then kept at −20°C. The frozen sections were rehydrated in PBS before staining.

Histology
---------

Alizarin red S, a histologic stain for calcium and magnesium (Sigma-Aldrich), was used at pH 4.5 for 2 min. Picrosirius red, a histologic stain for fibrillar collagen, was applied for 1 hour. Verhoeff trichrome stained the elastin and nuclei (black), smooth muscle cytoplasm (red), and collagen (blue). Verhoeff trichrome was carried out using Elastic Stain Kit (Abcam) and Masson's Trichrome Stain Kit (Polysciences) ([@R76]). The slides were mounted with Histomount (National Diagnostics). Nile red, a fluorescent lipophilic dye (Sigma-Aldrich), was used at 1 μg/ml in PBS, diluted from a dimethyl sulfoxide stock solution (1 mg/ml), and applied for 10 min. The slides were mounted with Vectashield Mounting Medium with the fluorescent nuclear stain DAPI (Vector Laboratories).

Immunofluorescence
------------------

Cryosections were permeated with 0.2% (v/v) Triton X-100 (Sigma-Aldrich) in PBS for 15 min, washed with PBS, and then treated with TrueBlack (Biotium) for 30 s. The slides were blocked in 10% (v/v) donkey serum (VWR International), 5% (w/v) bovine serum albumin (Sigma-Aldrich), and 0.3 M glycine (Sigma-Aldrich) for 1 hour. Samples were stained with 1:50 anti-CD68 (Abcam) and 1:100 anti--α-SMA (Abcam) overnight at 4°C in PBS. The samples were washed extensively with PBS before incubating with 1:400 donkey anti-mouse immunoglobulin G (IgG) (H + L) (Thermo Fisher Scientific) and donkey anti-goat IgG (H + L) (Thermo Fisher Scientific) in PBS for 1 hour. Nuclei were stained with 1:500 DAPI (Thermo Fisher Scientific) in PBS for 1 min. The samples were mounted with Fluoromount Aqueous Mounting Medium (Sigma-Aldrich).

Microscopy
----------

The histology and immunofluorescence slides were imaged using an inverted Zeiss Axio Observer microscope (20×/0.4 objective) with bright-field and fluorescence channels. Images were stitched using the ZEN software (Zeiss Microscopy), and the white balance for the background was adjusted using Fiji.

Statistical analysis
--------------------

Statistical analysis was performed on Matlab. Depth normalization was performed by interpolating the matrix of abundances for each component with cubic interpolation. The means and SDs were calculated for each point across the normalized depth. For bar graph comparison between experimental groups, Raman signal contribution values from the VCA analysis were analyzed using ordinary least-squares regression based on GLMs in the statistical software R, using the rms package. The rate of change of various Raman spectral components based on VCA endmembers was modeled as the dependent variable, and regression coefficients were calculated for independent variables of pathological grouping and patient descriptors. To make comparisons because these independent variables changed with disease presentation, generalized estimating equations were used (as previously described) to enable clustering of measurements obtained from a single specimen ([@R77]--[@R79]). The generated regression curves for different pathologies were compared. Specifically for this analysis, the relative concentrations of interest were the age, gender, and presence/proximity to atherosclerotic plaques (categorical). These patient descriptors were included as independent variables. Heteroscedasticity in the data set was addressed by using the robust covariance function created in the rms package ("robcov") to adjust the standard errors. Finally, to look at interactions between specific disease and patient variables, an ANOVA was performed on the generated GLM regression curves from the developed regression model, which were represented with *P* values. For comparison between the intima and the media and for comparison within the individual representative donor, because of nonnormal distribution as measured by a Lilliefors test, *P* values were calculated by the nonparametric Wilcoxon rank sum test.
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fig. S1. Comparison of the relative concentrations of apatite and whitlockite between the aortic intima and the media.

fig. S2. VCA on Raman spectroscopy images and relevant histology images.

fig. S3. Raman spectra of pure commercial powders.

fig. S4. Depth-dependent profiles of β-carotene, elastin, collagen, and actin in the aortic intima and media based on VCA results, normalized to the maximum for each component.

fig. S5. Representative comparison within one donor, for the relative concentrations of major components within the aortic intima and media.
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